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SNARE-complex assemblymediates synaptic vesicle
fusion during neurotransmitter release and requires
that the target-SNARE protein syntaxin-1 switches
from a closed to an open conformation. Although
many SNARE proteins are available per vesicle,
only one to three SNARE complexes are minimally
needed for a fusion reaction. Here, we use high-reso-
lution measurements of synaptic transmission in
the calyx-of-Held synapse from mutant mice in
which syntaxin-1 is rendered constitutively open and
SNARE-complex assembly is enhanced to examine
the relation between SNARE-complex assembly and
neurotransmitter release. We show that enhancing
SNARE-complex assembly dramatically increases
the speed of evoked release, potentiates the Ca2+-af-
finity of release, and accelerates fusion-pore expan-
sion during individual vesicle fusion events. Our data
indicate that the number of assembled SNARE com-
plexes per vesicle during fusion determines the pre-
synaptic release probability and fusion kinetics and
suggest a mechanism whereby proteins (Munc13 or
RIM) may control presynaptic plasticity by regulating
SNARE-complex assembly.
INTRODUCTION
Membrane fusion during presynaptic vesicle exocytosis is medi-
ated by a core fusion machinery composed of soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor (SNARE)
and Sec1/Munc18-1 like (SM) proteins (reviewed in Yoon et al.,
2011; Mohrmann and Sørensen, 2012; Su¨dhof, 2013). During
fusion, the vesicle- (v-) SNARE protein synaptobrevin/VAMP on
synaptic vesicles forms a trans-complex with the target (t)-
SNARE proteins syntaxin-1 and SNAP-25 on the plasma mem-
brane, whereas the SM protein Munc18-1 remains continuously
associated with the assembling complex via its interaction with
syntaxin-1 (Figure 1A). SNARE-complex assembly requires two1088 Neuron 82, 1088–1100, June 4, 2014 ª2014 Elsevier Inc.major sequential conformational changes. First, syntaxin-1
needs to change from its default closed conformation (in which
the N-terminal Habc domain of syntaxin-1 folds back onto its
SNARE motif) into an open conformation (in which the SNARE
motif becomes unmasked and rendered competent for
SNARE-complex formation; Dulubova et al., 1999). This confor-
mational change is probably catalyzed by Munc13 (no relation to
the SM protein Munc18-1!) that mediates priming of synaptic
vesicles for exocytosis (Augustin et al., 1999; Richmond et al.,
2001; Ma et al., 2011). Second, the four SNARE motifs of the
three SNARE proteins need to assemble into SNARE complexes
in an N- to C-terminal direction. SNARE-complex assembly is a
highly exergonic reaction that provides the energy that pulls the
negatively charged vesicle and plasma membranes closely
together (Hanson et al., 1997; Lin and Scheller, 1997).
Elegant studies in cellular and reconstituted systems have
shown that the assembly of very few SNARE complexes—
possibly of only a single one—is sufficient for fusion (Hua and
Scheller, 2001; van den Bogaart et al., 2010; Mohrmann et al.,
2010; Sinha et al., 2011; Shi et al., 2012). However, quantifica-
tions revealed that each synaptic vesicle contains 70 syn-
aptobrevin molecules (Takamori et al., 2006), suggesting that
physiologically, fusion is mediated by multiple SNARE com-
plexes. Although the need for SNARE-complex assembly in
driving fusion is well documented, the physiological significance
of the assembly of multiple SNARE complexes remains unclear,
and the relation between the degree of SNARE-complex assem-
bly and synaptic fusion is unknown.
Synaptic vesicle exocytosis is traditionally divided into three
overall stages, namely, docking, priming, and Ca2+ triggering
(Figure 1A). Docking is defined morphologically by electron mi-
croscopy. Priming is measured electrophysiologically in cultured
neurons as the release induced by hypertonic sucrose, which in-
duces Ca2+-independent fusion of all ‘‘primed’’ vesicles (Rose-
nmund and Stevens, 1996), and in slices as the release induced
by sustained presynaptic depolarization, which produces a long-
lasting elevation in presynaptic Ca2+ levels (Schneggenburger
et al., 1999).
Because the same method cannot simultaneously measure
docking and priming, and because at least in some situations
different electron microscopy methods provide different results,
it is difficult to relate docking and priming to each other (reviewed
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Figure 1. Syntaxin-1Open Mutation Pro-
motes SNARE-Complex Assembly
(A) Diagram of SNARE/SM-protein complex
assembly from synaptobrevin/VAMP (Syb/VAMP),
syntaxin-1 (Synt1), SNAP-25, and Munc18-1
during synaptic vesicle fusion. Prior to fusion,
Munc18-1 is bound to closed syntaxin-1
(Synt1Closed), which does not require the syntaxin-
1 N terminus (Dulubova et al., 1999). When fusion
is initiated, syntaxin-1 is converted to an open
conformation (Synt1Open), probably by Munc13
(Ma et al., 2011), and partly assembled trans-
SNARE complexes are formed (step A). Munc18-1
remains bound to syntaxin-1 throughout SNARE-
complex assembly, but its binding now requires
the syntaxin-1 N terminus (Dulubova et al., 2007;
Khvotchev et al., 2007; Zhou et al., 2013). Sub-
sequently, Ca2+ binds to synaptotagmin (Syt) to
trigger completion of SNARE-complex assembly
and fusion-pore opening (step B). Thus, two major
conformational transitions occur during fusion:
the switch of syntaxin-1 from closed to open and
the folding of the syntaxin-1, SNAP-25, and syn-
aptobrevin SNARE motifs into the four-helical
bundle of the SNARE complex.
(B) SNARE-complex assembly measured by
coimmunoprecipitation of SNARE-proteins ex-
pressed in transfected HEK293 cells is enhanced
by opening syntaxin-1 (top, representative immu-
noblots; bottom, summary graphs of SNARE
complexes measured via coimmunoprecipitation
with syb2 of syntaxin-1 (left) or SNAP-25 (right)).
HEK293 cells were cotransfected with a constant
amount of expression vectors encoding syb2,
SNAP-25, and Munc18-1 and increasing amounts
of expression vectors encoding either Syntaxin-
1WT or Syntaxin-1Open. Immunoprecipitates were
analyzed by immunoblotting, and quantified using
125I-labeled secondary antibodies. Data shown
indicate mean ± SEM. (n = 4; *p < 0.05, **p < 0.01
by Student’s t test).
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priming steps are, however, most current evidence suggests
that synaptic vesicles are primed for Ca2+-triggered release by
partial assembly of SNARE complexes and that Ca2+ then trig-
gers fusion-pore opening by binding to synaptotagmin, which
acts on these partially assembled SNARE complexes (seemodel
in Figure 1A; Su¨dhof, 2013). This hypothesis is supported by four
major observations. (1) Complexin only binds to partly or fully
assembled SNARE complexes, complexin binding to SNARE
complexes is essential for complexin function, and complexin
function is required for normal Ca2+- or hypertonic sucrose-trig-
gered release. Thus, SNARE complexesmust have at least partly
assembled prior to Ca2+ triggering of fusion (Chen et al., 2002;
Reim et al., 2001; Xue et al., 2008; Maximov et al., 2009; Yang
et al., 2010). (2) Munc13 functions to convert syntaxin-1 from a
closed to an open conformation and is selectively required for
synaptic vesicle priming, again demonstrating that priming
involves at least partial SNARE-complex assembly upstream
of Ca2+ triggering of fusion (Augustin et al., 1999; Richmond
et al., 2001; Varoqueaux et al., 2002; Ma et al., 2011). (3)t-SNARE complexes composed of ‘‘open’’ syntaxin-1 and
SNAP-25 can be visualized in native axonal membranes and
thus exist before Ca2+ triggers neurotransmitter release (Pertsini-
dis et al., 2013). (4) Ca2+ can trigger synaptic vesicle fusion in less
than 100 ms (Sabatini andRegehr, 1996), thus limiting the number
of molecular steps that can occur during Ca2+ triggering of
fusion.
Viewed together, these observations strongly suggest that
the ‘‘opening’’ of syntaxin-1 and partial trans-SNARE-complex
assembly occur before Ca2+ triggering of synaptic vesicle fusion
(Figure 1A). Guided by this notion, we here ask whether the
number of SNARE complexes that are assembled per vesicle
during priming is important for the properties of subsequent
synaptic vesicle fusion, or whether this number is irrelevant
once a minimal number of complexes has formed as needed
for fusion (Hua and Scheller, 2001; van den Bogaart et al.,
2010; Mohrmann et al., 2010; Sinha et al., 2011; Shi et al.,
2012). To address this question, we make use of a knockin
mouse in which syntaxin-1 is rendered constitutively open
(Gerber et al., 2008), and in which SNARE-complex assemblyNeuron 82, 1088–1100, June 4, 2014 ª2014 Elsevier Inc. 1089
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SNAREs Control Ca2+ Affinity of Releaseis increased without increasing the number of primed vesicles.
We analyze the effect of constitutively opening syntaxin-1 on
release using paired recordings from the calyx-of-Held syn-
apse, which allows arguably the best biophysical dissection
of a physiological fusion reaction at a microsecond time resolu-
tion (Forsythe, 1994; Borst and Sakmann, 1996; reviewed in
Schneggenburger and Forsythe, 2006). Our data demonstrate
that enhancing SNARE-complex assembly accelerates Ca2+-
triggered vesicle exocytosis by increasing the apparent Ca2+
sensitivity of vesicle fusion. Moreover, we find that constitutively
opening syntaxin-1 accelerates fusion-pore expansion even for
individual fusion events, suggesting that the number of preas-
sembled SNARE complexes may also dictate the speed of a
fusion reaction.
RESULTS
Syntaxin-1Open Mutation Facilitates SNARE-Complex
Assembly
A conformational switch from ‘‘closed’’ to ‘‘open’’ syntaxin-1
controls the rate of SNARE-complex assembly (Dulubova
et al., 1999; Figure 1A). In Syntaxin-1Open mutant mice in which
syntaxin-1A is deleted and syntaxin-1B carries the L165E/
L166E (LE) mutation that renders syntaxin-1 constitutively
open, however, syntaxin-1 and Munc18-1 levels are decreased.
Moreover, in these mice no increase in the absolute or relative
steady-state levels of SNARE complexes was observed (Gerber
et al., 2008). The lack of an increase in steady-state SNARE-
complex levels in Syntaxin-1Open mice could be due to the
fact that coimmunoprecipitations from brain homogenates
were performed under conditions that saturate SNARE-com-
plex assembly and occlude changes in SNARE-complex as-
sembly rates. To circumvent this problem, we coexpressed
constant amounts of SNAP-25, synaptobrevin-2 (syb2), and
Munc18-1 with increasing amounts of Syntaxin-1WT or Syn-
taxin-1Open in transfected HEK293T cells (Figure 1B). We then
immunoprecipitated syb2 from the HEK293T cell extracts and
monitored SNARE-complex assembly by measuring the amount
of SNAP-25 and syntaxin-1 coimmunoprecipitated with syb2
(Burre´ et al., 2010). Under these nonsaturating conditions, Syn-
taxin-1Open exhibited dramatically enhanced SNARE-complex
assembly (Figure 1B), consistent with the notion that the Syn-
taxin-1Open mutation increases the average number of assem-
bling SNARE complexes per fusing vesicle in a presynaptic
nerve terminal.
Syntaxin-1Open Mutation Increases Evoked Glutamate
Release
To monitor Ca2+-triggered fusion at high temporal resolution, we
examined synaptic transmission in the calyx-of-Held, a large
glutamatergic synapse amenable to simultaneous pre- and
postsynaptic patch-clamp recordings (Forsythe, 1994; Borst
and Sakmann, 1996). In the calyx-of-Held synapse, presynaptic
inputs directly contact the cell body, increasing the temporal
resolution of release measurements and avoiding dendritic
filtering artifacts. Moreover, the calyx can be used in flash
photolysis experiments with caged Ca2+, allowing a precise
determination of the relationship of intracellular Ca2+ to release1090 Neuron 82, 1088–1100, June 4, 2014 ª2014 Elsevier Inc.(Bollmann et al., 2000; Schneggenburger and Neher, 2000; Sun
et al., 2007).
We simultaneously patched axon terminals and postsynaptic
neurons from littermate syntaxin-1A knockout (KO) mice that
were either homozygous for the wild-type (WT) or the Syn-
taxin-1Open allele of syntaxin-1B (Gerber et al., 2008). This
experimental configuration allowed us to accurately induce
and measure glutamate release at the level of a single syn-
apse containing either only WT or ‘‘open’’ synaxin-1 (Fig-
ure 2A). We found that the Syntaxin-1Open mutation significantly
increased (50%) release triggered by individual action poten-
tials (Figure 2B).
Excitatory postsynaptic currents (EPSCs) at the calyx-of-Held
synapse result from the synchronous fusion of hundreds of ves-
icles (Schneggenburger and Forsythe, 2006). As a result, the
released glutamate could potentially saturate postsynaptic
receptors, which may obscure the true extent of release (Neher
and Sakaba, 2001; Wadiche and Jahr, 2001). We therefore
repeated the EPSC measurements described above in the pres-
ence of the low-affinity competitive AMPA receptor (AMPAR)
antagonist kynurenic acid (Kyn), which prevents receptor satura-
tion and desensitization (Neher and Sakaba, 2001). We found
that in the presence of bath-applied Kyn (2 mM), transmission in
Syntaxin-1Open synapses was dramatically enhanced (300%)
compared to WT synapses, suggesting that the Syntaxin-1Open
mutation increases Ca2+-triggered release 3-fold (Figure 2B).
The Syntaxin-1Open mutation did not significantly enhance the
synaptic charge transfer in the absence of Kyn, but it potentiated
the charge transfer similar to the EPSC amplitude in the pres-
ence of Kyn (Figure 2C). This result confirms rapid saturation
and desensitization of glutamate receptors in the absence of
Kyn. We also quantified the synaptic delay in control and Syn-
taxin-1Open synapses, but we observed no statistically significant
difference. In contrast, we noted that the Syntaxin-1Open muta-
tion led to an acceleration of the EPSC rise time and a sharpening
of the EPSC waveform, resulting in a faster EPSC decay (Fig-
ure 2C and Figure S1 available online). Overall, these data
show that the Syntaxin-1Open mutation dramatically increases
the amount and accelerates the speed of release triggered by
an action potential.
We next examined the effect of the Syntaxin-1Open mutation
on short-term synaptic plasticity. Paired-pulse ratio measure-
ments revealed that the Syntaxin-1Open mutation impaired
synaptic facilitation (Figure 3A), consistent with a large increase
in release probability (Zucker and Regehr, 2002). Similarly,
the Syntaxin-1Open mutation aggravated synaptic depression,
measured as the relative decrease in EPSC amplitude during
high-frequency stimulus trains (Figures 3B and 3C). However,
despite the increased depression, the absolute EPSC amplitude
of Syntaxin-1Open synapses remained larger than that of control
synapses during the steady-state phase of the train. During this
phase, vesicles are presumably being continuously replenished
(Wesseling and Lo, 2002). Measurements of the ratio of the
steady-state EPSC between Syntaxin-1Open and control synap-
ses as a function of stimulus frequency (10, 25, and 100 Hz)
showed that the relative magnitude of the increase in absolute
EPSC size decreased at higher stimulus frequencies. Neverthe-
less, at steady state Syntaxin-1Open synapses still released more
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Figure 2. Syntaxin-1Open Mutation In-
creases and Accelerates Ca2+-Triggered
Neurotransmitter Release
(A) Left: fluorescent image of the calyx-of-Held
synapse (green, presynaptic terminal; red, post-
synaptic MNTB neuron, visualized after loading of
impermeable fluorescent dyes via patch pipettes).
Right: schematic representation of the recording
configuration.
(B) Single action potential-evoked EPSCs in Syn-
taxin-1WT (black) or Syntaxin-1Open (red) synap-
ses. Left panels show representative traces for
experiments performed without (top) or with (bot-
tom) 2 mM Kyn. Right panels show cumulative
distributions and summary graphs of the EPSC
amplitudes obtained without (middle) or with Kyn
(right) in Syntaxin-1WT (black) or Syntaxin-1Open
(red) terminals.
(C) EPSC properties obtained from the experiment
in (B) in Syntaxin-1WT (black) or Syntaxin-1Open
(red) terminals. Summery graphs show various
EPSC parameters without (left) or with (right) Kyn
in the bath.
Data shown indicate mean ± SEM; numbers of
synapses analyzed are shown in graphs. Statisti-
cal significance was assessed with the Kolmo-
gorov-Smirnov test for cumulative distributions
and Student’s t test for summary graphs (*p < 0.05,
**p < 0.01, ***p < 0.001).
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SNAREs Control Ca2+ Affinity of Releaseglutamate thanWT synapses even during a 100 Hz stimulus train
(Figures 3C and 3D).
Syntaxin-1Open SynapsesDoNot Exhibit Changes in Ca2+
Levels
The effects of the Syntaxin-1Open mutation on release in the ca-
lyx-of-Held synapse differ significantly from previous findings in
autapses in which EPSC size and kinetics were normal (Gerber
et al., 2008), possibly because of technical limitations of autap-
ses. For example, the EPSC increase in Syntaxin-1Open synap-
ses could be caused by an increase in resting Ca2+ levels or in
action potential-induced Ca2+ influx, which may not have been
operating in autapses where pre- and postsynaptic speciali-
zations are provided by the same neuron. Indeed, an effect of
the Syntaxin-1Open mutation on Ca2+ channels is suggested
by the binding of syntaxin-1 to Ca2+ channels that may modu-
late Ca2+ channel function (Sheng et al., 1994; Bezprozvanny
et al., 1995). However, measurements of the resting Ca2+ levels
in presynaptic terminals using low concentration (50 mM)
of the high-affinity Ca2+ indicator fura-2 (Kochubey and
Schneggenburger, 2011) did not reveal a difference between
Syntaxin-1Open and control synapses (Figure S2). Similarly,
measurements of presynaptic Ca2+ currents in presynaptic
terminals failed to detect differences in their amplitudes
or kinetics between Syntaxin-1Open and control synapses (Fig-
ure S3). Furthermore, we observed no effect of the Syn-Neuron 82, 1088–11taxin-1Open mutation on the presynaptic
action potential waveform (Figure S4).
These results suggest that the observed
changes in EPSC size and kinetics arenot due to changes in presynaptic Ca2+ levels, Ca2+ flux, or
action potential waveform.
The Syntaxin-1Open Mutation Decreases the Readily
Releasable Pool Size
The increased action potential-evoked release in Syntaxin-1Open
synapses, in combination with their normal Ca2+ dynamics,
could be due to a larger capacity of the readily releasable pool
(RRP) of vesicles with an increased rate of vesicle replenishment,
or to an increased Ca2+ sensitivity of release. Previous measure-
ments of the RRP in autapses using stimulation with hypertonic
sucrose showed that the Syntaxin-1Open mutation reduces the
size of the RRP, which was thought to result from a decrease
in the levels of syntaxin-1 and Munc18-1 proteins (Gerber
et al., 2008). However, RRP measurements in autapses are ob-
tained with a hypertonic stimulus that does not provide a physi-
ological context. To test whether the Syntaxin-1Open mutation
truly decreases the RRP size, we therefore measured the RRP
in Syntaxin-1Open mutant and control synapses by more physio-
logical approaches, sustained presynaptic depolarization (Neher
and Sakaba, 2001) and maximal intraterminal Ca2+ uncaging via
flash photolysis (Bollmann et al., 2000).
Depolarization of presynaptic terminals to 0 mV for 50 ms trig-
gered large postsynaptic EPSCs that reflected exocytosis of the
entire RRP (Figure 4A). The RRP size in Syntaxin-1Open synapses
was 20% smaller than in control synapses as estimated by the00, June 4, 2014 ª2014 Elsevier Inc. 1091
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Figure 3. Short-Term Plasticity and Response to Extended Stimulus
Trains in Syntaxin-1Open Synapses
(A) Paired-pulse ratio monitored in Syntaxin-1WT and Syntaxin-1Open synap-
ses. Panels show representative traces (left) and summary graphs (right) for
interstimulus intervals of 5, 10, 20, 50, 100, and 1,000 ms.
(B) Representative EPSC traces of the first and last 20 responses triggered by
a 10 s, 100 Hz action potential train.
(C) Summary plots of absolute (left, in nA) and normalized (right) average re-
sponses for the first 25 stimuli obtained with 10 Hz (top), 25 Hz (middle), and
100 Hz (bottom) stimulus trains in Syntaxin-1WT and Syntaxin-1Open synapses.
Note the increase in synaptic depression at the beginning of the train and the
Neuron
SNAREs Control Ca2+ Affinity of Release
1092 Neuron 82, 1088–1100, June 4, 2014 ª2014 Elsevier Inc.peak EPSC amplitude or the EPSC charge transfer (Figures 4A
and 4B). We also measured the RRP size by triggering exocy-
tosis of the entire RRP using flash photolysis of caged Ca2+,
which rapidly increases the presynaptic Ca2+ levels to >15 mM
(Figure 4C). We found that using this approach, the effect of
the Syntaxin-1Openmutation on the RRP sizewas evenmore pro-
nounced, resulting in an 40% decrease (Figure 4C). This result
independently confirms that the Syntaxin-1Open mutation
decreased the capacity of the RRP. Thus, the Syntaxin-1Open
mutation has opposite effects on the amount of neurotransmitter
release triggered by action potentials and by sustained depolar-
ization, although the speed of release was still markedly
enhanced by the Syntaxin-1Open mutation during sustained de-
polarization, similar to the speed of action potential-induced
EPSCs (Figure 4B).
We next askedwhether the refilling rate of the RRP is altered by
the Syntaxin-1Open mutation. We emptied the RRP by sustained
depolarization as described above (Figure 4A) and measured
RRP recovery after interstimulus intervals of 0.1, 0.2, 0.5, 1, and
10 s (Figure 5A). These experiments confirmed that the RRP
sizewas significantly decreased (30%) in Synaxin-1Open synap-
ses (Figure 5B). When we plotted the relative recovery rates as a
function of the interstimulus intervals, however, we found that
the relative rate of RRP refilling was slightly but significantly
increased (20%) in Syntaxin-1Open synapses at intermediate
time intervals (Figure 5C). These results are consistent with the
notion that openingsyntaxin-1 accelerates vesicle replenishment.
Syntaxin-1Open Mutation Increases the Apparent Ca2+
Affinity of Release
Our results show that the increase in action potential-induced
neurotransmitter release produced by the Syntaxin-1Open muta-
tion (Figure 2) cannot be explained by an increase in intracellular
resting Ca2+ levels, Ca2+ channel activity, or the RRP (Figures 4,
S2, and S3). As perhaps the only remaining alternative explana-
tion, these findings suggest that the Syntaxin-1Open mutation
may increase the apparent Ca2+ affinity of release.
To test this hypothesis, we measured peak neurotransmitter
release rates as a function of the intracellular Ca2+ concentration
(Bollmann et al., 2000; Schneggenburger and Neher, 2000; Sun
et al., 2007). To produce small elevations in intracellular Ca2+
(<1 mM), we directly injected a mix of Ca2+ and Ca2+ buffers
into a nerve terminal. To cause larger elevations of intracellular
Ca2+ (>0.7 mM), we used flash photolysis of caged Ca2+, which
results in rapid and uniform increases of intracellular Ca2+. We
applied weak flashes for Ca2+ concentrations of <1.5 mM and
stronger flashes for Ca2+ elevations of >1.5 mM (Figure 6A; Sun
et al., 2007; see Supplemental Experimental Procedures). Incontinued absolute enhancement of release at the end of the train in
Syntaxin-1Open synapses.
(D)Frequency-dependentenhancementof transmitter release inSyntaxin-1Open
terminals. EPSC ratios (Syntaxin-1Open/Syntaxin-1WT) for 10, 25, and 100 Hz
trains were computed after binning synaptic responses and normalized to the
mean control responses (dotted line).
Data shown indicate mean ± SEM; number of synapses analyzed is given in the
graphs. Statistical significance was assessed using Student’s t test (*p < 0.05,
**p < 0.01, ***p < 0.001). All measurements were performed in 2 mM Kyn.
AC
B
Figure 4. Syntaxin-1Open Mutation Decreases the Size of the RRP
(A) Estimation of RRP size using a prolonged presynaptic depolarization
stimulus. Left: representative traces of Ca2+ currents (ICa
2+) recorded from
presynaptic terminals that were depolarized from80 mV to 0 mV for 50 ms to
induce maximal opening of Ca2+ channels (left top) and of the postsynaptic
EPSC induced by the resulting release of the entire RRP (left bottom). Middle
and right: cumulative distribution and summary plot of peak EPSC amplitudes
triggered by sustained presynaptic depolarization in Syntaxin-1WT and Syn-
taxin-1Open synapses.
(B) Multiple EPSC parameters obtained from the experiments in (A), including
total charge transfer of the RRP (100 ms time interval), 20%–80% rise-time,
latency (delay between the presynaptic Ca2+ current and 10% of postsynaptic
EPSC), and fast and slow decay time constants obtained after double expo-
nential fitting of EPSC decays.
(C) Measurements of RRP size by flash photolysis of caged Ca2+. Left: light-
evoked EPSCs recorded from Syntaxin-1WT (black) and Syntaxin-1Open (red)
synapses in response to maximal Ca2+ elevations triggered by strong flashes
of UV-light delivered to presynaptic terminals loaded with caged Ca2+ and the
low-affinity Ca2+ indicator fura-6F (see text and Supplemental Experimental
Procedures for details). Middle: EPSCs triggered bymaximal presynaptic Ca2+
uncaging (Ca2+ R 15 mM) were deconvolved with a representative mEPSC
waveform, integrated, and then plotted as a function of time. Right: estimation
of averaged light-evoked RRP size for control and Syntaxin-1Open mutant
synapses at 100 ms time intervals.
Data shown indicate mean ± SEM; number of synapses analyzed is shown in
the graphs. Statistical significance was assessed using the Kolmogorov-
Smirnov test for cumulative distributions and Student’s t test for summary
graphs (*p < 0.05). All measurements were performed in 2 mM Kyn.
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impermeable Ca2+ indicators dyes, which allowed precise quan-
tifications of the intracellular Ca2+ concentration throughout the
experiment. Tomonitor Ca2+ concentrations, we employed three
Ca2+ indicator dyes with different dissociation constants: fura-2
(KD 200 nM), fura-4F (KD 1.5 mM), and fura-6F (KDz 12 mM).
Presynaptic fluorescent signals were converted offline into Ca2+
concentrations after in situ calibration of each fluorescent dye in
calyx terminals (see Supplemental Experimental Procedures).
Postsynaptic EPSCs triggered by different Ca2+ concentrations
were deconvolved (Neher and Sakaba, 2001) and are expressed
as instantaneous release rates.
As expected, transmitter release in control synapses exhibited
a shallow Ca2+ dependence at submicromolar Ca2+ concentra-
tions, followed by a steep Ca2+ dependence at low micromolar
Ca2+ levels, and release saturation when Ca2+ levels exceeded
15 mM (Figure 6B). Strikingly, the Syntaxin-1Open mutation
caused a uniform 2-fold shift to lower Ca2+ concentrations in
the relationship of intracellular Ca2+ levels versus release rates
(Figure 6B). Quantitative analysis showed that at low Ca2+ con-
centrations (%1 mM), Syntaxin-1Open terminals released more
vesicles than control synapses, which is consistent with the
increased spontaneous release rate in Syntaxin-1Open synapses
(see Figure 7). At high Ca2+ concentrations (20–80 mM), however,
Syntaxin-1Open terminals released 40% less neurotransmitter
than control terminals (note that the plot in Figure 6B uses double
logarithmic scales, making it difficult to visualize these differ-
ences), which is in agreement with the decreased RRP in
Syntaxin-1Open synapses (Figure 4). At intermediate Ca2+ levels
(1–5 mM), the peak release rates at a given Ca2+ concentration
were greatly increased in Syntaxin-1Open synapses (Figure 6B).
The apparent Ca2+ cooperativity of release during this major
phase was unchanged. Taken together, these data suggest
that the Syntaxin-1Open mutation increases the apparent Ca2+
sensitivity of release.
Using the Dual-Ca2+-Sensor Model to Predict Release
Rates in Syntaxin-1Open Synapses
To obtain a quantitative assessment of the changes in release in
Syntaxin-1Open synapses, we fitted the Ca2+ photolysis data to a
revised dual-Ca2+-sensor model of release (Figure S5; Sun et al.,
2007). Similar to its previous version, the revisedmodel proposes
that low elevations of intracellular Ca2+ predominantly trigger
asynchronous release via activation of a slow Ca2+ sensor with
acooperativity of2,whereas higherCa2+ concentrations trigger
fast synchronous release with a Ca2+ cooperativity of5 via acti-
vation of synaptotagmin as a Ca2+ sensor (synaptotagmin-2 at
the calyx-of-Held synapse). In contrast to the original model,
the revised model incorporates a new multiplicative factor, Ks,
that accounts for the amount of SNARE complexes mediating
vesicle exocytosis (Figures S5A and S5B). Because the exact
number of complexes mediating vesicle fusion in control condi-
tions is unknown, the Ks for fusion in WT synapses was set as 1
(Figure S5B). Therefore, in our current expanded release model,
changes in SNARE-complex assembly can only be expressed
as a function of control values and cannot be directly quantified.
Fitting our control Ca2+ photolysis data with the dual-Ca2+-
sensor model of release with a Ks = 1 showed that the amountNeuron 82, 1088–1100, June 4, 2014 ª2014 Elsevier Inc. 1093
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fully depleted by a 50 ms presynaptic depolarizing stimulus, and the RRP
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the interplay between a slow Ca2+ sensor with a cooperativity of
2 and a Ca2+ affinity of40.2 mM, and a fast Ca2+ sensor with a
cooperativity of5 and a Ca2+ affinity of40.7 mM. These values
predict a global half-maximal Ca2+ effective concentration (EC50)
of 12.3 mM (Figure 6B) and agree well with multiple previous
studies on WT synapses (Bollmann et al., 2000; Schneggenbur-
ger and Neher, 2000; Sun et al., 2007).
In contrast to WT synapses, the dual-Ca2+-sensor model with
a Ks = 1 did not accurately describe release in Syntaxin-1
Open
synapses. A good fit of our Ca2+-uncaging data in Syntaxin-
1Open synapses was possible, however, by increasing Ks
7-fold (Figure 6B). Under these conditions, the apparent overall
EC50 for Ca
2+ for release was predicted to decrease 2-fold
(6.2 mM), consistent with the observed data (Figure 6B), whereas
the intrinsic Ca2+ affinity of both the fast and the slow Ca2+
sensor remained unchanged (40.2 mM for the fast Ca2+ sensor,
40.7 mM for the slow Ca2+ sensor). The time-to-peak delays as
a function of the intracellular Ca2+ concentration were also well
predicted by the revised dual-Ca2+-sensor model in control
and mutants synapses (Figure S5C).
Together, our experimental and modeling results confirmed
that the increase in release observed in Syntaxin-1Open synapses
could be readily explained not by changes in the intrinsicCa2+ af-
finity of Ca2+ sensors, but rather by changes in the apparentCa2+
sensitivity of release due to the recruitment of more Ca2+ sensor
involved in the fusion reaction. In fact, SNARE complexes and
Ca2+ sensors are thought to interact stoichiometrically during
fusion (Su¨dhof, 2013), and increases in the number of assembled
SNARE complexes per vesicle are expected to lead to the
recruitment of more Ca2+ sensor(s) in mutant synapses. Thus,
decreases in the apparent EC50 of Ca
2+ for release in Syntaxin-
1Open mutants can be accounted for by an increase in the num-
ber of Ca2+ sensors mediating Ca2+-triggered vesicle fusion.
We additionally used the dual-Ca2+-sensor model to test the
possibility that changes in local Ca2+ signals may account for
the changes in the magnitude and timing of release in mutant
terminals (Bollmann and Sakmann, 2005). We showed in Fig-
ure S3 that increases in release in Syntaxin-1Open synapses likely
did not result from differences in Ca2+ influx because direct
measurements of voltage-dependent presynaptic Ca2+ currents
failed to reveal significant differences between control and Syn-
taxin-1Open synapses. However, presynaptic Ca2+ currents do
not necessarily reflect local Ca2+ signals mediating transmitter
release. Therefore, these previous experiments do not rule outrecovery was then measured after a defined interstimulus interval (ISI) by
application of a second 40 ms presynaptic depolarizing stimulus. In the
example shown, the ISI was 200 ms. Postsynaptic EPSCs were recorded
at 80 mV holding potentials, converted into release rates by deconvolution
(middle), and then integrated over time (bottom).
(B and C) Summary plots of absolute RRP measured during the recovery
experiments (B) and the relative replenishment rates calculated from the ab-
solute RRP (C). Measurements were performed in Syntaxin-1WT (gray) and
Syntaxin-1Open (red) synapses. Data shown indicate mean ± SEM; number of
synapses analyzed is shown in the graphs. Statistical significance was as-
sessed using ANOVA, followed by a Bonferroni test for multiple comparisons
(*p < 0.05). All measurements were performed in 2 mM Kyn.
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Figure 6. Syntaxin-1Open Mutation Enhances the Ca2+ Sensitivity of
Neurotransmitter Release
(A) Representative Ca2+-uncaging experiments in Syntaxin-1WT (left) and
Syntaxin-1Open (right) synapses using a weak (top) or strong (bottom) flash of
UV-light to produce small or intermediate elevations of Ca2+ that were
measured with fura-4F as the Ca2+ indicator dye. Intraterminal [Ca2+] eleva-
tions and corresponding EPSCs were simultaneously recorded using dual
whole-cell patch-clamp and ratiometric Ca2+ fluorometry measurements from
the same presynaptic terminals; EPSCs were then converted into release rates
by deconvolution.
(B) Summary plot of the Ca2+ dependence of peak release rates in Syntaxin-
1WT (black) and Syntaxin-1Open (red) synapses. Each data point (circle) rep-
resents the measurement results from a single synapse (n = 44 and 42 for
Syntaxin-1WT and Syntaxin-1Open synapses, respectively). Solid lines show the
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SNAREs Control Ca2+ Affinity of Releasethe possibility that increased neurotransmitter release in Syn-
taxin-1Open synapses is due to an enhanced local Ca2+ signal.
To address this issue, we modeled release induced by identical
presynaptic microdomain Ca2+ elevations in control and Syn-
taxin-1Open synapses using the modified dual-Ca2+-sensor
model (Figure 6C). We found that identical local intracellular
Ca2+ concentration signals triggered very different transmitter
release rates in control and Syntaxin-1Open synapses and that
release rates were remarkably similar to those obtained experi-
mentally (Figure 6C). Thus, the increased release observed
Syntaxin-1Open mutant synapses does not require changes in
local Ca2+ signals.
Syntaxin-1Open Mutation Increases Spontaneous
Release and Accelerates Fusion-Pore Opening
When we monitored spontaneous miniature EPSCs (mEPSCs)
in the presence of tetrodotoxin (0.5 mM), we found that the
Syntaxin-1Open mutation increased the mEPSC frequency 7-
fold without changing the mEPSC amplitude (Figures 7A–7C),
consistent with previous data (Gerber et al., 2008). Unexpect-
edly, we also observed a remarkable decrease in the mEPSC
rise time (Figure 7D). Although the relative change in mEPSC
rise time was small, it was highly significant because
mEPSC rise times are highly reproducible when measured in
postsynaptic calyx-of-Held neurons. Because these neurons
lack dendrites, their spherical shape allows perfect voltage-
clamp control, increasing the signal-to-noise ratio.
The faster rise times of mEPSCs suggests that fusion pores
open faster in Syntaxin-1Open mutant than in WT synapses.
Faster release of glutamate due to an accelerated expansion of
the fusion pore should lead not only to faster delivery of gluta-
mate to postsynaptic receptors, but also to a larger initial con-
centration of glutamate at the receptors. If so, why is the mEPSC
amplitude unchanged?
It is generally thought that postsynaptic AMPARs remain un-
saturated after exocytosis of a single vesicle (Silver et al.,
1996; Liu et al., 1999; McAllister and Stevens, 2000, but see
Jonas et al., 1993; Tang et al., 1994), although receptor satura-
tion is observed after multivesicular release (Harrison and Jahr,fit of the data to the revised dual-Ca2+-sensor model (Sun et al., 2007; Fig-
ure S5A), which in contrast to previous models takes into account the amount
of SNARE complexesmediating exocytosis of individual synaptic vesicles. The
left-shift in mutant synapses could be readily explained by increasing the Ks 7-
fold (see text and Supplemental Information), which in turn decreased the
apparent EC50 for Ca
2+ in triggering release 2-fold. Statistical significance
was assessed using analysis of covariance (***p < 0.001). For a plot of the
synaptic delays as a function of the Ca2+ concentration, see Figure S5B.
(C) Modeling of local presynaptic Ca2+ signals and postsynaptic EPSCs in
control and mutant synapses using the dual-Ca2+-sensor model of release. An
idealized representation of the Ca 2+ transient waveform during a single action
potential at the calyx-of-Held (top) was simulated as a Gaussian function with
half-width of 0.18ms and followedwith a double exponential function with time
constants of 2 ms (75%) and 0.2 ms (25%). The corresponding transmitter
release rates (middle) were predicted with the modified dual-Ca2+-sensor
model using a Ks = 1 for Syntaxin-1
WT synapses (left) and a Ks = 7 for Syntaxin-
1Open synapses (right); all other parameters were kept identical. The experi-
mentally measured EPSCs (dotted lines; obtained in the presence of 2 mM
Kyn) are displayed and superimposed with the simulated EPSCs by convo-
lution of the idealized release rate and themeasured averagemEPSC (bottom).
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(A) Left, properties of single vesicle fusion events recorded from Syntaxin-1WT
(black) and Syntaxin-1Open (red) synapses. Representative traces are shown at
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elegant experiments demonstrating that increasing the gluta-
mate concentration of synaptic vesicles also increases the
mEPSC amplitude have shown that postsynaptic receptors do
not saturate upon exocytosis of a single vesicle in the calyx-of-
Held synapse (Ishikawa et al., 2002; Yamashita et al., 2003).
However, the spatial dimension of a synapse suggests that the
initial fusion-pore diameter (3–5 nm) of a synaptic vesicle un-
dergoing exocytosis is only four times smaller than the transsy-
naptic diffusion distance (Figure 7E). In contrast, the lateral
extent of a synapse is 100-times larger than the fusion-pore
diameter. Thus, although the entirety of postsynaptic AMPARs
is unlikely to be saturated by the release of glutamate from a sin-
gle vesicle, local AMPARs opposite to the fusion pore may well
be saturated, thereby limiting the size of the mEPSC amplitude.
In other words, receptor saturation may be spatially heteroge-
neous and occur only opposite to the fusion pore. This would
explain why increasing the vesicular glutamate concentration
increases the mEPSC amplitude (because the effective lateral
concentration of glutamate increases), whereas increasing the
speed of fusion-pore expansion does not increase the mEPSC
amplitude (because the lateral concentration gradient of gluta-
mate would remain the same, and the peak effective glutamate
concentration at the AMPARs opposite to the fusion pore
increases, but causes no change in mEPSC amplitude due to
receptor saturation).
To test this hypothesis, we measured the decrease in mEPSC
amplitude produced by increasing concentrations of g-gamma-
D-glutamylglycine (g-DGG) at Syntaxin-1Open and control synap-
ses (Figure 7F). g-DGG is a low-affinity competitive antagonist of
AMPARs that has a very fast off-rate (Foster et al., 2005). Thus,
when glutamate is released from the presynaptic terminal into
the cleft, some of the postsynaptic receptors that are bound to
the antagonist will become available for binding glutamate dur-
ing the time of synaptic transmission. Therefore, in the presence
of low concentrations of g-DGG, the peak glutamate concentra-
tion in the cleft will determine the degree of mEPSC inhibition.
We added sequentially higher concentrations of g-DGG to
the bath and monitored the mEPSC amplitudes, rise times,
and decay times (Figures 7F and 7G). As predicted by the modellow resolution (top) and at high resolution (bottom; averages of 156 and 186
events from a single Syntaxin-1WT and Syntaxin-1Open synapse, respectively).
(B–D) Cumulative distributions (left) and summary graph (right) of the mEPSC
frequencies (B), amplitudes (C), and rise times (D) in control (black) and
Syntaxin-1open (red) synapses.
(E) Schematic in-scale representation of synaptic vesicle exocytosis high-
lighting the relative sizes of synaptic vesicles, the fusion pore, the width of the
synapse, and the synaptic cleft.
(F and G) Dose-dependent actions of the competitive AMPAR antagonist
g-DGG on mEPSC parameters. Representative traces are shown in (F) and
summary graphs in (G) of the mEPSC amplitudes (top), rise times (middle), and
decay kinetics (bottom).
(H and I). Same as in (F) and (G), but using the noncompetitive AMPAR
antagonist GYKI53655.
Data shown indicate mean ± SEM; number of experiments analyzed is shown
in the graphs. Significance was assessed by the Kolmogorov-Smirnov test for
cumulative distributions and Student’s t test for summary graphs (*p < 0.05,
**p < 0.01, ***p < 0.001).
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apses was significantly less sensitive to g-DGG than the mEPSC
amplitude of WT synapses (Figure 7G). At the same time, the
rise times of mEPSCs did not change in response to increasing
concentrations of g-DGG, but remained significantly lower in
Syntaxin-1Open synapses than inWT synapses. The decay times,
finally, exhibited no change.
In contrast to g-DGG, sequentially higher concentrations of a
noncompetitive AMPAR antagonist, GYKI53655, caused a uni-
form reduction in the amplitude of mEPSCs and did not affect
eithermEPSC rise or decay kinetics inWT or Syntaxin-1Open syn-
apses (Figures 7H and 7I). This result supports the notion that
the differential mEPSC blockade observed in the presence of
g-DGG was indeed due to differences in the concentration of
glutamate in the cleft between control and mutant synapses
following release of individual packets of neurotransmitter
because g-DGG, but not GYKI53655, would compete with the
released glutamate for receptor binding.
Viewed together, these experiments suggest that the Syn-
taxin-1Open mutation accelerates fusion-pore opening of indi-
vidual synaptic vesicles, thereby increasing the kinetics of
neurotransmitter release. Moreover, these experiments sug-
gest a local heterogeneity in glutamate concentration in the
synaptic cleft may lead to the simultaneous presence of satu-
rated and nonsaturated receptor patches in the same post-
synaptic specialization, different from previous notions that
considered postsynaptic receptors as a more homogeneous
population.
DISCUSSION
In the present study, we evaluated the relationship of the rate
of SNARE-complex assembly to the speed and Ca2+ sensitivity
of synaptic vesicle fusion. We used mutant mice in which syn-
taxin-1B contains a point mutation that renders syntaxin-1B
constitutively open, thereby enhancing the rate of SNARE-com-
plex assembly, while syntaxin-1A is deleted (Figure 1B; Dulu-
bova et al., 1999; Gerber et al., 2008). Previous analyses of
autapses formed by hippocampal neurons cultured from these
mice showed that the vesicular release probability is increased
when syntaxin-1 is constitutively open—probably because the
Ca2+ sensitivity of the vesicles is enhanced—but that the RRP
size is decreased (Gerber et al., 2008). However, the inherent
limitations of measuring synaptic transmission in autapses
made it impossible to quantify the relationship between the intra-
cellular Ca2+ concentration, the amplitude and speed of Ca2+-
evoked release, and the kinetics of individual fusion events. In
the present study, we have used paired recordings from the
calyx-of-Held synapse, arguably the synapse best suited for a
biophysical quantitative analysis of synaptic vesicle exocytosis
(Schneggenburger and Forsythe, 2006), to determine how
rendering syntaxin-1 constitutively open and thereby facilitating
SNARE-complex assembly affects synaptic vesicle fusion.
Our experiments demonstrate that the Syntaxin-1Open muta-
tion enhanced SNARE-complex formation in a biochemical sys-
tem (Figure 1B) and dramatically increased the absolute amount
of Ca2+-triggered neurotransmitter release induced by an action
potential without changing the rate of Ca2+ influx (Figures 2 andS2). Although in relative terms the increased release probability
in Syntaxin-1Open synapses caused increased synaptic depres-
sion, in absolute terms release remained elevated during high-
frequency stimulus trains (Figure 3). This result was likely due
to enhanced rates of vesicle replenishments (Figure 5) and the
increased Ca2+ sensitivity of fusion (Figure 6). Moreover, instead
of elevating the RRP size, increased SNARE-complex assembly
in Syntaxin-1Open synapses decreased the RRP size (Figure 4),
probably because the Syntaxin-1Open mutation destabilized
syntaxin-1 and Munc18-1 proteins (Gerber et al., 2008). Thus,
the increased release in Syntaxin-1Open synapses cannot be ac-
counted for by an increase in vesicle priming. Instead, the Syn-
taxin-1Open mutation caused an approximately 2-fold increase
in the apparent Ca2+ affinity of release, as shown by quantifica-
tions of the relationship of intracellular Ca2+ to the peak release
rate (Figure 6). This increase reflected an elevation in the
apparent affinity of both the slow and the fast Ca2+ sensor.
We also found that in addition to increasing the inherent Ca2+
sensitivity and speed of action potential-evoked fusion, the
Syntaxin-1Open mutation unexpectedly accelerated fusion-pore
expansion during spontaneous ‘‘mini’’ fusion events (Figure 7).
The Syntaxin-1Open mutation decreased the mEPSC rise times
without changing the mEPSC amplitude, and Syntaxin-1Open
synapses were less sensitive to the competitive AMPAR antag-
onist g-DGG than control synapses. Our data on spontaneous
release suggest that the number of partly assembled trans-
SNARE complexes during priming determines the fusion-pore
expansion kinetics, consistent with the idea that SNARE com-
plexes pull the fusion pore open. Moreover, our data raise the
possibility that localized fusion of a synaptic vesicle may gener-
ally saturate only those AMPARs that are exactly opposite to the
site of fusion, and result in a spatially heterogeneous distribution
of receptor saturation. As a result, it may not be appropriate in
general to talk about synaptic receptor saturation because the
architecture of a synapse provides for an enormous spatial
heterogeneity. Our g-DGG experiments provide a test of this
hypothesis because the finding that g-DGG differentially affects
the mEPSC amplitudes in control and Syntaxin-1Open synapses
validates the notion of spatially heterogeneous receptor satura-
tion (Figure 7).
Viewed together, these results suggest that enhanced
SNARE-complex assembly induced by the Syntaxin-1Openmuta-
tion causes more SNARE complexes to be assembled per syn-
aptic vesicle during priming, even though the total number of
primed vesicles decreases, and that the elevated number of
SNARE complexes per vesicle then increases Ca2+-triggered
release and enhances the rate of fusion-pore opening. Our re-
sults therefore suggest that the number of assembled SNARE
complexes directly dictates the apparent Ca2+ affinity of a syn-
apse for both slow and fast transmitter release. To our knowl-
edge, our observations constitute the first demonstration of
such a relationship between SNARE-complex assembly and
release probability. Among others, this relationship suggests a
mechanism whereby modulation of Munc13-1, which mediates
vesicle priming by opening the closed conformation of syn-
taxin-1, thus enabling SNARE-complex assembly (see Varo-
queaux et al., 2002; Ma et al., 2011), mediates short-term
plasticity.Neuron 82, 1088–1100, June 4, 2014 ª2014 Elsevier Inc. 1097
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of our current understanding of synaptic vesicle exocytosis
whereby fusion proceeds in at least two separable stages, a
priming step during which partial trans-SNARE complexes
assemble with binding of complexin, and a Ca2+-triggering
step during which Ca2+ binding to synaptotagmin activates
completion of SNARE-complex assembly and induces fusion-
pore opening (Figure 1A; see Introduction for details; reviewed
in Su¨dhof, 2013). We propose that in Syntaxin-1Open synapses,
the increased rate of SNARE-complex assembly results in a
larger number of partially assembled trans-SNARE complexes
during priming. Thus, we believe that the most parsimonious hy-
pothesis to account for our data is that the number of trans-
SNARE complexes for a given primed vesicle directly determines
two parameters, the inherent Ca2+ sensitivity of the fusion reac-
tion of this vesicle and the rate of fusion-pore opening of this
vesicle. We propose that mechanistically, the apparent Ca2+ af-
finity of fusion is increased because the various Ca2+ sensors
have a larger number of SNARE substrates to act on in the
Ca2+-bound state, whereas fusion pores open faster because
more SNARE complexes are pulling them open.
Several alternative mechanistic hypotheses to account for our
data might be proposed. First, SNARE complexes may them-
selves function as Ca2+ sensors for fusion. However, this seems
highly unlikely because SNARE proteins do not contain Ca2+-
binding sites (Chen et al., 2005), the Syntaxin-1Open mutation
enhanced the apparent Ca2+ affinity of release mediated by
both the slow and the fast Ca2+ sensors in fusion (Figure 6),
and synaptotagmin-2 acts selectively as the Ca2+ sensor only
for fast but not for slow release in calyx-of-Held synapses (Sun
et al., 2007). Second, opening of syntaxin-1 may somehow exert
an allosteric effect on the Ca2+ triggering of release mediated by
SNARE-complex assembly. The classical allosteric model of
release does not fit the observed data for Ca2+-triggered release
(Sun et al., 2007; Kochubey and Schneggenburger, 2011), but
we cannot rule out more complex multistage models that involve
multiple additional parameters that might fit the data better, and
it is conceivable that a more sophisticated allosteric model may
explain the increased Ca2+ affinity observed in Syntaxin-1Open
synapses. Third, it is possible that Ca2+ acutely triggers opening
of syntaxin-1 to allow SNARE-complex assembly. This hypothe-
sis posits that the Ca2+-dependent switch for release operates
upstream of the opening of syntaxin-1 and that Ca2+ triggers
release by inducing rapid subsequent SNARE-complex assem-
bly. As described in the Introduction, however, a significant
amount of evidence argues against this hypothesis. Apart from
the difficulty to package multiple chemical reactions into a
100 ms time frame, the strongest argument against this hypothe-
sis is the fact that at least partial assembly of SNARE complexes
is required for complexin binding and that SNARE binding of
complexin is essential for the normal priming and subsequent
Ca2+ triggering of fusion (Maximov et al., 2009; Yang et al.,
2010). Thus, complexin function upstream of Ca2+ triggering in-
volves an already partially assembled SNARE complex, which
means that such partial assembly must have occurred before
Ca2+ triggering of release. Moreover, the present data provide
additional evidence against this alternative hypothesis in
showing that the Syntaxin-1Open mutation does not decrease1098 Neuron 82, 1088–1100, June 4, 2014 ª2014 Elsevier Inc.the synaptic delay at a synapse (Figure 2) and that the increase
in absolute release in Syntaxin-1Open synapses is sustained dur-
ing the maintenance phase of high-frequency stimulus trains
(Figure 3). If Ca2+ triggering of release operated upstream of
the opening of syntaxin-1, opening syntaxin-1 should decrease
the synaptic delay, but it should have no effect on steady-state
release during stimulus trains, which reflects the priming but
not the Ca2+ triggering of vesicle fusion (Wesseling and Lo,
2002).
Conclusions
Our results indicate that the number of assembled SNARE com-
plexes per vesicle plays a pivotal role in determining two key
properties of synaptic vesicle fusion, namely the Ca2+ sensitivity
and the speed of transmitter discharge from the vesicle into the
cleft. Our experiments thus suggest that the number of SNARE
complexes mediating vesicle fusion defines the magnitude and
timing of synaptic transmission at a central synapse. Moreover,
our results indicate that the assembly of SNARE complexes rep-
resents a key point of regulation of vesicle fusion. Along this line,
we propose that key presynaptic active zone components, such
asMunc13 andRIM,may influence, at least in part, the dynamics
of release and short-term plasticity by controlling SNARE-com-
plex assembly rates.
EXPERIMENTAL PROCEDURES
Mice
All studies, except where noted, were performed in littermate homozygous
syntaxin-1A KO mice that were either WT or homozygous mutant for the syn-
taxin-1BOpen knockin mutation that consists of a two-amino-acid substitution
(the ‘‘LE’’ mutation; Dulubova et al., 1999). These mice were derived from
breeding of homozygous syntaxin-1A KO/heterozygous syntaxin-1BOpen
mice as described previously (Gerber et al., 2008). All experiments were con-
ducted with approved protocols from the Institutional Animal Care and Use
Committee at Stanford University.
Biochemical Studies
For studies of SNARE-complex assembly dynamics, we cotransfected
HEK293 cells with constant amounts of expression plasmids encoding
Syb2, SNAP-25, and Munc18 (1:1:4) and increasing amounts of expression
plasmids encoding Syntaxin-1WT and Syntaxin-1Open (0.1, 0.5, 1), using control
plasmid to maintain a constant amount of total transfected DNA. Transfected
HEK293 cells were harvested 2 days after transfection, solubilized in PBS
containing 0.2% Triton X-100, and HEK293 cell proteins were subjected to
immunoprecipitations with Syb2 antibodies and analyzed in SDS-PAGE and
quantitative immunoblotting.
Electrophysiological and Ca2+ Imaging Experiments
We prepared brain slices containing the calyx-of-Held synapses (within the
medial nucleus of the trapezoid body [MNTB]) from postnatal day 8- to 12-
day-old Syntaxin-1WT and Syntaxin-1Open littermate mice as described previ-
ously (Sun et al., 2007; Schneggenburger and Neher, 2000; see Supplemental
Experimental Procedures). Brain slices were placed into a recording chamber
mounted onto an Axioskope 2FS-plus upright microscope (Zeiss) equipped
with differential interference contrast (DIC) and fluorescence capabilities,
maintained at 23–25C via a dual-T344 temperature controller (Warner),
and continuously perfused (about 1 ml/min) with normal oxygenated artificial
cerebrospinal fluid. All recordings were performed in structures visually iden-
tified via DIC optics. Electrical signals were recorded at 25 kHz with a dual-
channel Axoclamp 7.1 amplifier and digitalizedwith an analog/digital converter
(Molecular Devices Digidata 3200) controlled by Clampex 10.1 software
(Molecular Devices). We performed presynaptic cell-attached and whole-cell
Neuron
SNAREs Control Ca2+ Affinity of Releaserecordings in multiple configurations depending on the goal of the experiment,
whereas postsynaptic recordings were always performed in whole-cell
voltage-clampmode. The various internal patch pipette and extracellular solu-
tions differed between experiments and are described in detail in the Supple-
mental Experimental Procedures.
In those experiments that required a combination of electrophysiology,
presynaptic Ca2+ uncaging, and presynaptic Ca2+ imaging (Figures 5
and 6), Ca2+ uncaging was done using a UV-flash light source with adjustable
energy (Rapp Optoelectronics JLM-C2), triggered by a transistor-transistor
logic pulse from an analog/digital board (Digidata 3200). Ratiometric (380/
340 nm) Ca2+ imaging was performed with a monochromator (Polychrome
V) equipped with a xenon light source (Till Photonics). Fluorescent signals
were acquired with a fast and integrated charge-coupled device (CCD) cam-
era (Andor iXon), which enabled fluorescent measurements with high spatial
and temporal resolution. Both the monochromator as well as the CCD
camera were controlled by the TILLvisION Imaging software (Till Photonics).
Ca2+ indicators were calibrated in situ as described previously (Sun et al.,
2007; Schneggenburger and Neher, 2000; see Supplemental Experimental
Procedures).
Statistical Analysis
We used Igor Pro 4.07 (WaveMetrics) and MedCalc (http://www.medcalc.org)
to determine statistical significance as indicated. Data are expressed as
mean ± SEM.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.neuron.2014.04.020.
ACKNOWLEDGMENTS
This study was supported by NIMH grant P50 MH086403 (to T.C.S.), 973
Program 2013CB835100 (to J.S.), and BIBD-PXM2013_014226_07_000084
(to J.S.).
Accepted: April 7, 2014
Published: June 4, 2014
REFERENCES
Augustin, I., Rosenmund, C., Su¨dhof, T.C., and Brose, N. (1999). Munc13-1
is essential for fusion competence of glutamatergic synaptic vesicles. Nature
400, 457–461.
Bezprozvanny, I., Scheller, R.H., and Tsien, R.W. (1995). Functional impact
of syntaxin on gating of N-type and Q-type calcium channels. Nature 378,
623–626.
Bollmann, J.H., and Sakmann, B. (2005). Control of synaptic strength and
timing by the release-site Ca2+ signal. Nat. Neurosci. 8, 426–434.
Bollmann, J.H., Sakmann, B., and Borst, J.G. (2000). Calcium sensitivity of
glutamate release in a calyx-type terminal. Science 289, 953–957.
Borst, J.G., and Sakmann, B. (1996). Calcium influx and transmitter release in
a fast CNS synapse. Nature 383, 431–434.
Burre´, J., Sharma, M., Tsetsenis, T., Buchman, V., Etherton, M.R., and Su¨dhof,
T.C. (2010). a-synuclein promotes SNARE-complex assembly in vivo and
in vitro. Science 329, 1663–1667.
Chen, X., Tomchick, D.R., Kovrigin, E., Arac¸, D., Machius, M., Su¨dhof, T.C.,
and Rizo, J. (2002). Three-dimensional structure of the complexin/SNARE
complex. Neuron 33, 397–409.
Chen, X., Tang, J., Su¨dhof, T.C., and Rizo, J. (2005). Are neuronal SNARE
proteins Ca2+ sensors? J. Mol. Biol. 347, 145–158.
Dulubova, I., Sugita, S., Hill, S., Hosaka, M., Fernandez, I., Su¨dhof, T.C., and
Rizo, J. (1999). A conformational switch in syntaxin during exocytosis: role
of munc18. EMBO J. 18, 4372–4382.Dulubova, I., Khvotchev, M., Liu, S., Huryeva, I., Su¨dhof, T.C., and Rizo, J.
(2007). Munc18-1 binds directly to the neuronal SNARE complex. Proc. Natl.
Acad. Sci. USA 104, 2697–2702.
Forsythe, I.D. (1994). Direct patch recording from identified presynaptic termi-
nals mediating glutamatergic EPSCs in the rat CNS, in vitro. J. Physiol. 479,
381–387.
Foster, K.A., and Regehr,W.G. (2004). Variance-mean analysis in the presence
of a rapid antagonist indicates vesicle depletion underlies depression at the
climbing fiber synapse. Neuron 43, 119–131.
Foster, K.A., Crowley, J.J., and Regehr, W.G. (2005). The influence of multi-
vesicular release and postsynaptic receptor saturation on transmission at
granule cell to Purkinje cell synapses. J. Neurosci. 25, 11655–11665.
Gerber, S.H., Rah, J.C., Min, S.W., Liu, X., deWit, H., Dulubova, I., Meyer, A.C.,
Rizo, J., Arancillo, M., Hammer, R.E., et al. (2008). Conformational switch of
syntaxin-1 controls synaptic vesicle fusion. Science 321, 1507–1510.
Hanson, P.I., Roth, R., Morisaki, H., Jahn, R., and Heuser, J.E. (1997).
Structure and conformational changes in NSF and its membrane receptor
complexes visualized by quick-freeze/deep-etch electron microscopy. Cell
90, 523–535.
Harrison, J., and Jahr, C.E. (2003). Receptor occupancy limits synaptic
depression at climbing fiber synapses. J. Neurosci. 23, 377–383.
Hua, Y., and Scheller, R.H. (2001). Three SNARE complexes cooperate to
mediate membrane fusion. Proc. Natl. Acad. Sci. USA 98, 8065–8070.
Ishikawa, T., Sahara, Y., and Takahashi, T. (2002). A single packet of trans-
mitter does not saturate postsynaptic glutamate receptors. Neuron 34,
613–621.
Jonas, P., Major, G., and Sakmann, B. (1993). Quantal components of unitary
EPSCs at themossy fibre synapse on CA3 pyramidal cells of rat hippocampus.
J. Physiol. 472, 615–663.
Khvotchev, M., Dulubova, I., Sun, J., Dai, H., Rizo, J., and Su¨dhof, T.C. (2007).
Dual modes of Munc18-1/SNARE interactions are coupled by functionally crit-
ical binding to syntaxin-1 N terminus. J. Neurosci. 27, 12147–12155.
Kochubey, O., and Schneggenburger, R. (2011). Synaptotagmin increases the
dynamic range of synapses by driving Ca2+-evoked release and by clamping
a near-linear remaining Ca2+ sensor. Neuron 69, 736–748.
Lin, R.C., and Scheller, R.H. (1997). Structural organization of the synaptic
exocytosis core complex. Neuron 19, 1087–1094.
Liu, G., Choi, S., and Tsien, R.W. (1999). Variability of neurotransmitter con-
centration and nonsaturation of postsynaptic AMPA receptors at synapses
in hippocampal cultures and slices. Neuron 22, 395–409.
Ma, C., Li, W., Xu, Y., and Rizo, J. (2011). Munc13 mediates the transition
from the closed syntaxin-Munc18 complex to the SNARE complex. Nat.
Struct. Mol. Biol. 18, 542–549.
Maximov, A., Tang, J., Yang, X., Pang, Z.P., and Su¨dhof, T.C. (2009).
Complexin controls the force transfer from SNARE complexes to membranes
in fusion. Science 323, 516–521.
McAllister, A.K., and Stevens, C.F. (2000). Nonsaturation of AMPA and NMDA
receptors at hippocampal synapses. Proc. Natl. Acad. Sci. USA 97, 6173–
6178.
Mohrmann, R., and Sørensen, J.B. (2012). SNARE requirements en route
to exocytosis: from many to few. J. Mol. Neurosci. 48, 387–394.
Mohrmann, R., de Wit, H., Verhage, M., Neher, E., and Sørensen, J.B. (2010).
Fast vesicle fusion in living cells requires at least three SNARE complexes.
Science 330, 502–505.
Neher, E., and Sakaba, T. (2001). Combining deconvolution and noise analysis
for the estimation of transmitter release rates at the calyx of held. J. Neurosci.
21, 444–461.
Pertsinidis, A., Mukherjee, K., Sharma, M., Pang, Z.P., Park, S.R., Zhang, Y.,
Brunger, A.T., Su¨dhof, T.C., and Chu, S. (2013). Ultrahigh-resolution imaging
reveals formation of neuronal SNARE/Munc18 complexes in situ. Proc. Natl.
Acad. Sci. USA 110, E2812–E2820.Neuron 82, 1088–1100, June 4, 2014 ª2014 Elsevier Inc. 1099
Neuron
SNAREs Control Ca2+ Affinity of ReleaseReim, K., Mansour, M., Varoqueaux, F., McMahon, H.T., Su¨dhof, T.C., Brose,
N., and Rosenmund, C. (2001). Complexins regulate a late step in Ca2+-depen-
dent neurotransmitter release. Cell 104, 71–81.
Richmond, J.E., Weimer, R.M., and Jorgensen, E.M. (2001). An open form
of syntaxin bypasses the requirement for UNC-13 in vesicle priming. Nature
412, 338–341.
Rosenmund, C., and Stevens, C.F. (1996). Definition of the readily releasable
pool of vesicles at hippocampal synapses. Neuron 16, 1197–1207.
Sabatini, B.L., and Regehr, W.G. (1996). Timing of neurotransmission at fast
synapses in the mammalian brain. Nature 384, 170–172.
Schneggenburger, R., and Neher, E. (2000). Intracellular calcium dependence
of transmitter release rates at a fast central synapse. Nature 406, 889–893.
Schneggenburger, R., and Forsythe, I.D. (2006). The calyx of Held. Cell Tissue
Res. 326, 311–337.
Schneggenburger, R., Meyer, A.C., and Neher, E. (1999). Released fraction
and total size of a pool of immediately available transmitter quanta at a calyx
synapse. Neuron 23, 399–409.
Sheng, Z.H., Rettig, J., Takahashi, M., and Catterall, W.A. (1994). Identification
of a syntaxin-binding site on N-type calcium channels. Neuron 13, 1303–1313.
Shi, L., Shen, Q.T., Kiel, A., Wang, J., Wang, H.W., Melia, T.J., Rothman, J.E.,
and Pincet, F. (2012). SNARE proteins: one to fuse and three to keep the
nascent fusion pore open. Science 335, 1355–1359.
Silver, R.A., Cull-Candy, S.G., and Takahashi, T. (1996). Non-NMDA glutamate
receptor occupancy and open probability at a rat cerebellar synapse with
single and multiple release sites. J. Physiol. 494, 231–250.
Sinha, R., Ahmed, S., Jahn, R., and Klingauf, J. (2011). Two synaptobrevin mol-
ecules are sufficient for vesicle fusion in central nervous system synapses.
Proc. Natl. Acad. Sci. USA 108, 14318–14323.
Su¨dhof, T.C. (2012). The presynaptic active zone. Neuron 75, 11–25.
Su¨dhof, T.C. (2013). Neurotransmitter release: the last millisecond in the life of
a synaptic vesicle. Neuron 80, 675–690.
Sun, J., Pang, Z.P., Qin, D., Fahim, A.T., Adachi, R., and Su¨dhof, T.C. (2007). A
dual-Ca2+-sensor model for neurotransmitter release in a central synapse.
Nature 450, 676–682.1100 Neuron 82, 1088–1100, June 4, 2014 ª2014 Elsevier Inc.Takamori, S., Holt, M., Stenius, K., Lemke, E.A., Grønborg, M., Riedel, D.,
Urlaub, H., Schenck, S., Bru¨gger, B., Ringler, P., et al. (2006). Molecular anat-
omy of a trafficking organelle. Cell 127, 831–846.
Tang, C.M., Margulis, M., Shi, Q.Y., and Fielding, A. (1994). Saturation of post-
synaptic glutamate receptors after quantal release of transmitter. Neuron 13,
1385–1393.
van den Bogaart, G., Holt, M.G., Bunt, G., Riedel, D., Wouters, F.S., and Jahn,
R. (2010). One SNARE complex is sufficient for membrane fusion. Nat. Struct.
Mol. Biol. 17, 358–364.
Varoqueaux, F., Sigler, A., Rhee, J.S., Brose, N., Enk, C., Reim, K., and
Rosenmund, C. (2002). Total arrest of spontaneous and evoked synaptic
transmission but normal synaptogenesis in the absence of Munc13-mediated
vesicle priming. Proc. Natl. Acad. Sci. USA 99, 9037–9042.
Wadiche, J.I., and Jahr, C.E. (2001). Multivesicular release at climbing fiber-
Purkinje cell synapses. Neuron 32, 301–313.
Wesseling, J.F., and Lo, D.C. (2002). Limit on the role of activity in controlling
the release-ready supply of synaptic vesicles. J. Neurosci. 22, 9708–9720.
Xue, M., Stradomska, A., Chen, H., Brose, N., Zhang, W., Rosenmund, C., and
Reim, K. (2008). Complexins facilitate neurotransmitter release at excitatory
and inhibitory synapses in mammalian central nervous system. Proc. Natl.
Acad. Sci. USA 105, 7875–7880.
Yamashita, T., Ishikawa, T., and Takahashi, T. (2003). Developmental increase
in vesicular glutamate content does not cause saturation of AMPA receptors at
the calyx of held synapse. J. Neurosci. 23, 3633–3638.
Yang, X., Kaeser-Woo, Y.J., Pang, Z.P., Xu, W., and Su¨dhof, T.C. (2010).
Complexin clamps asynchronous release by blocking a secondary Ca2+
sensor via its accessory a helix. Neuron 68, 907–920.
Yoon, T.Y., Kweon, D.H., and Shin, Y.K. (2011). Chasing the trails of SNAREs
and lipids along the membrane fusion pathway. Curr. Top. Membr. 68,
161–184.
Zhou, P., Pang, Z.P., Yang, X., Zhang, Y., Rosenmund, C., Bacaj, T., and
Su¨dhof, T.C. (2013). Syntaxin-1 N-peptide and Habc-domain perform distinct
essential functions in synaptic vesicle fusion. EMBO J. 32, 159–171.
Zucker, R.S., and Regehr, W.G. (2002). Short-term synaptic plasticity. Annu.
Rev. Physiol. 64, 355–405.
